HAVING established that overall composition of the myocardium remains constant during the first 5 months of life in the dog (Legato, 1979) , we made a detailed study of the ultrastructure of the ordinary working right and left ventricular myocytes during the same period. Our results show that the development of the two populations of cells varies in important respects and probably reflects the difference in the work done by the two chambers after birth. Moreover, there are significant, although transient, qualitative and quantitative changes in myocyte composition within the ventricles.
Methods
We studied three litters of mongrel dogs, aged 24 hours to 5 months. The analysis of the population and the source and extent of the samples studied are summarized in Table 1 of a previous paper (Legato, 1979) . In all, 32,000 /ton 2 of right and left ventricular tissue from 10 animals were studied.
Tissue Preparation
Dogs were anesthetized with an intraperitoneal injection of sodium pentobarbital (Diabutal; 30 place at which the lines making up the grid intersected) lying within or on the border of the object to be measured. These are recorded in our tables of data as "P x " with the subscript referring to the components of the tissue being quantified: myofiber, mitochondrion, etc.
2. To estimate the surface area of myocardial components or cellular organelles, we counted the number of intersections of the border or circumference of the object we were measuring with the horizontal lines of the probe. The number of intersections was recorded as I K (x represents the object being quantified). Surface area-volume ratios were calculated using the formula, 2-L./a-P x , where I x represented the number of times the grid line intersected the circumference of the object, P* was the total number of points overlying the object in the micrograph, and a equals the actual length of the small grid line in microns (10 mm/final print magnification) (see Discussion).
The choice of the stereological methods used for evaluating the parameters we measured was based on a survey of all the techniques described by the authors mentioned in Tables 2 and 3 . Orientation of tissue with respect to the probe for volumetric analysis is not important; all our values are remarkably consistent (Table 2 ) with the results of other studies.
There is no difference in calculating surface area (represented by I) between counting in a horizontal or longitudinal direction. Horizontal counts are sufficient and produce data that are not significantly different from those of investigators who counted in both horizontal and longitudinal directions and averaged the results. Moreover, our values for the surface-volume (S/V) ratios of cellular organelles were of the same order as those reported by others (regardless of the random orientation of our tissue) as long as we used the same formulas they did. Various investigators use quite different formulas for this calculation, however. In comparing our results with those of any other study, we calculated our S/V ratios using the formula of that study. The results are summarized in Table 3 (also see Discussion).
Statistical Analysis
Statistical analyses were performed on all the data accumulated, and included Student's t-test and a one-and two-way analysis of variance. Because of concern about commenting on the statistical significance of derived values, we included a statistical evaluation of the initial counts used to obtain derived parameters, such as, for example, surfacevolume ratios of cells and organelles. The one-way analysis of variance tested the significance of changes with time for each ventricle separately; the two-way analysis showed the significance of changes in the data as a consequence of age and, separately, as a function of sample site (right vs. left ventricle).
Results

The Myocyte: General Description
The interior organization of the myocyte changes completely as the myocardium matures. Some cells at the time of birth are round or elliptical in shape, closely packed, and the most primitive-appearing cells in the ventricular myocardium ( Fig. 1) : they have a central, round, and very large nucleus which dominates the intracellular compartment. The myofibrils are short and run in all directions through the cytoplasm. Rough endoplasmic reticulum and polyribosomal aggregations are abundant, filling a substantial proportion of the cytoplasm.
In the younger myocytes (24 to 72 hours old), there are aggregates of many small round vesicles prominent just under the cell membrane in many cells. In some areas, these are so abundant that there is a foamy appearance to the cytoplasm. By 2 months of age, this phenomenon is apparent in both chambers, although it persists in the right ventricle longer than in the left.
The thickness of the perimembrane component of the sarcolemma (also called the glycocalyx) in the myocytes of the newborn period is greater than in the adult heart cell. In this respect, the newborn myofiber is similar to the myoblast grown in tissue culture, which also has a much more abundant perimembrane than the in vivo adult (Legato, 1972) .
Quantitative Data (Myocyte)
The surface area (P < 0.001) and the S/V ratio (P < 0.001) of the myocyte changed with time in both ventricles, but there is no significant difference in these parameters between the right and left chambers (Table 1) . We included the transverse tubular system in our estimate of the surface area of the cell, and although the extent of the T system was more in the left ventricle (LV) than in the right ventricle (RV) at 5 months (P < 0.002), it occupied such a small proportion of the total cell volume (0.38% of the LV, 0.09% in the RV, and 1.5% of the sarcolemmal surface area in both ventricles at 5 months of age) that it did not affect the overall results (Table 1) .
We measured the diameters of a total of 440 cells over the eight age periods studied to get some idea of the size of the individual myocytes in both chambers as the heart grew (see Legato, 1979, Table 2 , for a summary of these data). From birth until 2.5 months of age, the right ventricular cell was significantly wider than the left (6.2 /im in diameter on the average as compared to 4.7 jum; values are the average of the means for the five ages included in this period). By the time dogs were 5 months old, however, there was no significant difference in myocyte width (LV: 6.0 ± 2.5 jum; RV: 5.3 ± 2.3 /im). Interestingly enough, RV cell diameter remained essentially constant over the period studied (7.7 ± 2.3 /xm at 24 hours; 5.3 ± 2.3 /un at 5 months), whereas the LV myocyte substantially increased in Table 1 summariies the quantitative data we obtained for the right (A) and left (B) ventricular cell during the penod studied (mean ± SE) The ages of the dogs are listed vertically in the first column. Reading across the top, the abbreviations are as follows' P -number of points lying on the border or within the organelle named; mit ™ mitochondrion; nuc = nucleus; Bare « sarcomere; myo =• myocyte; I ™ the number of times the lines of the probe cross width (3.7 ± 2.1 jtm at 24 hours to 6.0 ± 2.5 fim at 5 months) as the heart grew.
Myofibrils
In the earliest myocytes of the 24-hour-old puppy, the first (and only) myofibrils present are at the periphery of the cell, just under the plasma membrane; such cells resemble the myoblasts of ventricular cells grown in tissue culture, where filament production begins at the cell membrane and the first myofibrils are assembled at the edges of the cell (Legato, 1970; Legato, 1972 the outline of the organelle mentioned; S -surface, V -volume; S/V = surface-to-volume ratio of the organelle or cell studied, tt -transverse tubule Where ratios are indicated, they represent the ratio between the volumes being compared; l e., P m i,/P m M, ~ proportion of myocyte volume occupied by mitochondria type of cell is not found in the older puppy; by 72 hours, virtually all myofibers contain a considerable number of myofibrils which are distributed throughout the body of the cell.
There are areas in the cytoplasm of the neonatal cell that consist of clusters of ribosomes, amorphous Z substance, rough endoplasmic reticulum, and fragments of thick and thin myofilaments (Fig. 2) . They are characteristic of and unique to this period of life. These are scattered throughout the myofiber but are especially prominent at the intercalated disc. The incomplete myofilaments are of interest in that, although they are unfinished, they often have a certain orderliness; in many instances, fragments of thick and thin filaments interdigitate and are simultaneously present. A morphologically homogeneous population of filaments does not appear in these areas, as it does in ventricular cell grown in tissue culture (Legato, 1970; Legato, 1972) . Amorphous Z substance is sometimes, but not invariably, seen in association with filament fragments.
In the 5-month-old myocardium, rough endoplasmic reticulum and clusters of loose ribosomal aggregates are plentiful, just as in the 24-and 72-hour-old animal. Ribosomes continue to appear aligned on the cytoplasmic side of the outer membrane of the nuclear envelope (Fig. 3) . Often, ribosomes are arranged in a double strand, in continuity with the thick filament of the sarcomere. These are never seen in association with thin filaments.
Frequently, a "ballooning out" of a portion of the myocyte just under the sarcolemma appears, containing a disorganized pool of fragmented myofilaments, Z substance, rough endoplasmic reticulum, and polyribosomal complexes, as well as abundant loose ribosomes. Cells with these peculiar "pseudopodal"-like projects have a central and more organized group of myofibrils which, although they do not run in the long, regular, parallel rows of sarcomeric units so characteristic of the mature ordinary working ventricular cell, are nevertheless more ordered by far than the heterogeneous pool of fragmented myofilaments, Z substance, and ribosomes at the periphery of the cells.
Sarcomeric Z bands of young cells tend to be much more irregular in shape, with wide variations in width from sarcomere to sarcomere. In general, they are wider than in the myofibrils of the more mature myocyte (Fig. 4) .
Regularity of sarcomeric array appears centrally first in those units closest to the nuclear membrane. Z bands line up at an almost exactly 90° angle to the long axis of the nucleus, which, by the time long myofibrils begin to make their appearance, has begun to elongate and is more oval than round in shape. At this stage, the cell is still so small and the nucleus so wide that a Z disc can traverse the space from the nuclear membrane to the sarcolemma without interruption; the usual long rows of mitochondria that separate myofibrils one from the other have not yet appeared and the nucleus-tosarcolemmal distance is often only one sarcomere (or myofibril) deep.
Quantitative Data: Sarcomere
A two-way analysis of variance showed that, on the average, the proportion of the myocardial cell occupied by sarcomeres did not change with age. However, there was a significant difference between ventricles (P < 0.001). The average of the means for all time periods studied was 59% in the right ventricle and 64% in the left. Using Student's t-test to look at each age period individually, however, we found that although there were significantly more sarcomeres in the LV than in the RV cell at 2 months of age (P < 0.005), there was no significant difference by 5 months of age.
FIGURE 3 An arrow points to the ribosomes aligned on the outer leaflet of the nuclear membrane in this micrograph of a portion of the nucleus (N) from a 72-hour-old right ventricular myocyte. This is not seen in older tissue but is virtually universally present in the early postnatal period. 24,85Ox.
Mitochondria
Just as there are fewer myofibrils in the early small cells of the newborn heart than in the adult, there are fewer mitochondria than in older, larger, and better-organized cells. The sarcosomes lie in pools, surrounded by glycogen granules and ribosomes (Fig. 5) .
By 5 months of age, mitochondrial size becomes more uniform. Mitochondria are no longer randomly scattered through the cytoplasm but are aligned in rows between the parallel myofibrils that fill the body of the cell. The number of cristae per sarcosome has increased markedly.
Quantitative Data: Mitochondria
In both ventricles, the absolute value for mitochondrial volume increased significantly with time (P < 0.001). In both the left and right chambers, the absolute volume of mitochondria, as well as the ratio of mitochondrial to whole cell volume, was significantly greater at 2 months than at birth {P < 0.001). In the left ventricle, the average figure for mitochondrial to whole cell volume over the period studied was 25.7%, about the same as the 5-month value of 28.4%. The average figure for mitochondrial to whole cell volume in the right ventricle was 27.4%, although at 5 months it was 31.1%. The ratio of mitochondrial to sarcomeric volume increases in both ventricles over the first 5 months of life (P < 0.001). In the left ventricle, the value at 2.5 months of Me is significantly greater than at birth (P < 0.01); in the right, the difference is significant by 2 months of age (P < 0.001).
On the average, the surface area of the mitochondria (P < 0.01) and the surface-to-volume ratio of the mitochondrion (P < 0.001) change significantly with age in both ventricles (P < 0.01). Using our formula, 2 • Imn/a • Pmit, there was no difference in the surface-to-volume ratios, on the average, for this organelle between ventricles (see legend, Table  1 , for explanation of formula abbreviations). The average value for the left ventricle is 6.7; for the right ventricle it is 6.2. If, on the other hand, we used Goldstein's formula, 4 • I m i t /d • Pnm, there was a significant difference on the average between the chambers (P < 0.001). Moreover, the values for the surface-to-volume ratio of the mitochondrion were much less: averages of the means were 0.90 for the RV and 1.06 for the LV (see Table 2 ). 
The Nucleus
The round, primitive cell of the newborn dog is dominated by its large nucleus, which frequently contains one or more prominent nucleoli and is occasionally peripherally located in the cell. A clearly defined nuclear pole is not present in the round, youngest cells of the newborn ventricle; this takes shape only as myofibril formation progresses by the addition of more and more sarcomeres and the cell elongates. Pari passu, the nuclear shape changes from a round to a long, oval configuration. The nucleus has a clear area at either end as the myofibrils rejoin one another, having separated to pass the body of the nucleus as they coursed through and filled the substance of the myocyte. The nuclear pole, as the clear area is called, is filled with the Golgi apparatus, polyribosomes, rough endoplasmic reticulum, glycogen granules, and mitochondria and is present in more mature myocytes by 72 hours of age in both ventricles. By 2 months of age, a nuclear pole is present in all myocytes making up the ventricular myocardium.
The nucleolus, a prominent feature of myocytes in both ventricles from birth through 5 months of age, is often multiple at younger ages.
A centriole is often seen, usually quite close to the nuclear membrane, near the Golgi apparatus. It is present even in fully differentiated cells which contain recognizable sarcomeres and myofilaments.
The Golgi apparatus, which consists of four to five dilated membrane-limited cisterna or sacs stacked in parallel and sometimes slightly bent with the concave side toward the nuclear membrane, is a prominent feature of the cells, especially in the newborn period.
Quantitative Data: Nucleus
Absolute nuclear volume (P < 0.01) and the ratio of nuclear-to-myocyte volume (P < 0.002) diminished with age in both the right and left ventricular myocyte (Table 1) . By 5 months of age, the nucleus occupied 2.1% of myocyte volume compared to 7.5% at birth in the left ventricle. In the right chamber, the value at birth is 8.4% and falls to 2.7% by 5 months of age. The surface area of the nucleus (P < 0.001) and the S/V ratio (P < 0.01) diminished markedly with age in both ventricles. There was no significant difference between chambers for any of these values.
Intracellular Organelles near the Golgi Apparatus
Several types of round, membrane-bound organelles are prominent in the cells of the 24-to 72-hour-old dog near the Golgi apparatus and, presumably, reflect the secretory function of these young cells. In some, the membrane-enclosed material is not particularly electron-dense and is very finely granular in appearance (Fig. 6a) . In others, it is very electron-dense and more coarsely granular; there is even a suggestion in some of membrane or tubule formation. In others, most of the organelle is filled with finely granular homogeneous material, but embedded in it are crystalline-like inclusions which in some cases have a smudged appearance (Fig. 6b) . In others, the inclusions appear as stacks of parallel bars which in high-power views seem to be composed of two chains of globular subunits. There is a system of cross-linkages between adjacent bars in some instances (Fig. 6c) .
Typical lipofuscin bodies are also apparent in the myocytes of the newborn period; not unexpectedly these are also present, albeit with greater frequency, in older cells (2-5 months of age). These organelles are not membrane-bound and have a heterogeneous, very electron-dense amorphous composition.
Finally, the concentric whorls or tortuous aggregates of membranes that have been termed myelin bodies are seen in cells of all ages, usually in association with mitochondria, and may actually represent degenerated sarcosomes (Fig. 6d) .
The Sarcolemma and Its DerivativeThe Transverse Tubular System
There is no transverse tubular system in the myocytes of either ventricle in the newborn dog. Cells have a round or oval and very symmetrical configuration, with no hint, even in contracted cells, of sarcolemmal invagination at the level of the sarcomeric Z band, the characteristic location of the T tubule in adult dog ventricle. Similarly, there is no vestige of the frequent triadic or diadic units deep within the cell substance which immediately identifies the working ventricular myocyte of the mature heart (in contrast to atrial or Purkinje cells, which seldom or never develop a transverse tubular system, even in the adult animal).
At 2 months of age, many left ventricular myocytes have unmistakable elements of a T system, with some cells showing axially as well as transversely oriented tubules and with frequent diadic and triadic units deep within the cell (Fig. 7) . In other cells of the same ventricle, no elements of a T system can be seen, so that it is clearly not a universally present structural element at this time. Those left ventricular cells, moreover, which do not have a T system, do not show any of the characteristics usually associated with Purkinje fibers or transitional cells of the adult ventricle and are clearly ordinary working cells that have not yet developed a T system at this stage. In marked contrast to the left ventricle, in right-sided myocytes from the same dog, there is no T system in almost all of the cells examined. Occasionally, however, a single cell would exhibit frequent triadic and diadic units-these always were very narrow cells (4 to 6 /un wide). To illustrate the difference in the state of development of T systems between the two chambers, it should be pointed out that we found only one cell out of a total of 88 cells examined in the multiple samples from 2-month-old right ventricle, for example, with elements of a T system. In contrast, 33 of 44 left ventricular cells examined in sequence from the same dog at this same age showed a well-developed T system. At 2.5 months and at all later times studied, the relative paucity of T system in the right as compared to the left ventricle is still very evident. By 5 months of age, virtually all of the cells of ordinary working left ventricular myocardium have some T system. Often, triads and diads are quite abundant in the myocytes of the left chamber and approach the frequency with which they exist in the adult left ventricular cells. In contrast, the right ventricular cells continue to lag behind the left in the development of a T system, and only an occasional diad or triad is seen in some cells even at this age.
In spite of the frequent absence of a transverse tubular system in the myocytes of both chambers, there are peripheral coupling sites, wherein lateral sacs of the sarcoplasmic reticulum lie just under the sarcolemmal membrane, both at the edge of the cell and at the nonspecialized portions of the intercalated disc. These are abundant in all cells of both chambers from the first day of postnatal life.
Quantitative Data: T System
Analysis of variance shows that the volume of the system changes with time in both chambers (P < 0.05). Student's £-test shows that it is greater in the left than the right ventricular myocyte by 2 months of age (P < 0.025). The T system surface area changes with age in both ventricles (P < 0.001) but is significantly different between chambers (P < 0.001); it is greater in the left than the right ventricle.
Intracellular Fat
There are variations with time in the amount of intracellular fat present as myocardial development proceeds from birth to 5 months of age. In 24-hour myocardium there is a rather striking abundance of lipid in both ventricles, more pronounced in the right than in the left (P < 0.001). By 72 hours, this no longer is seen, and almost no intracellular fat is in evidence until age 3.5 months, when the myocytes of both chambers again show many lipid droplets. This finding persists through the 5-month age period, but at this age, the volume of myocyte occupied by fat is greater in the left than the right ventricle (P < 0.005) ( Table 1) .
Discussion The Response of the Myocyte to Postpartum Existence
A comparison of the growing left and right ventricles provides important clues to the responses at a cellular level of the myocardium working against loads of two very different types.
The processes invoved in normal development are essentially those which transform, in the case of the right ventricle, a pressure pump into a volume pump and, in the case of the left ventricle, produce a chamber operating against substantially higher pressures than were present in utero. Several facts should be stressed with respect to these remarks. The moment of birth does, it is true, wreak a profound change in the circulation as the cardiac output of each ventricle is directed for the first time exclusively to its own vascular circuit, one working at substantially different resistances than the other. The change, however, is not instantaneous: first, there is an important time in fetal development when the output of blood to the placenta no longer increases and become constant (Young, 1963) . At the same time, the growing fetus demands more and more of the total cardiac output and, by about half-way through gestation, cardiac output to the fetus is approximately equal to that of the placenta. From then to the time of birth, ventricular work increases steadily as the chamber takes on the everlarger burden of the circulatory system. At birth, the ductus arteriosus closes over a period of time that may vary from 15 hours to a period of 48 hours, so that the separation of the two circuits is relatively gradual rather than instantaneous. Moreover, blood pressure in the systemic circulation in the newborn is considerably less than that faced later in development in several mammalian species (human, lambs, kid, rhesus monkey) (Young, 1963) . The burden taken up at birth by the left ventricle, then, is achieved by a chamber which during gestation has been carefully and gradually prepared for more and more contractile work and which faces pressures that increase definitely but gradually in the systemic circuit after birth and which are actually initially equivalent to those in uterine life if the available data are to be believed.
Although in utero the right and left ventricles work against absolutely the same pressures, the ventricles are dissimilar at birth both grossly and at an ultrastructural level; the right ventricular wall is obviously and significantly thicker than that of the left ventricle, and the myofibers themselves are generally more mature in appearance on the right side than on the left. Either important and as yet undetected differences in pressures exist between the two circuits or there is a fundamental difference in the nature of the right and left ventricular myocytes and their individual response to an identical load. The idea that the nature and magnitude of resistance against which the ventricle works are the sole determinants of its cellular structure therefore is probably not valid.
The mechanism for the changes in ventricular wall thickness at a cellular level is not certain from our study; spaces between the myofibers increase with development in both chambers. Quantitatively, moreover, there is no significant difference in the ratio of the volumes of intracellular to extracellular compartments, either within the individual ventricle or between the two ventricles at any age studied (Legato, 1979) . The difference, then, can lie only in the total number of cells in the ventricle, which must be responsible for the increase in left ventricular wall thickness as the dog grows.
With respect to the intracellular compartment, the meticulous study of Page (1974) suggests that, during normal growth, the quantitative composition of the myocardial cell, with the exception of the myocyte volume occupied by the nucleus (i.e., the ratios of the volume of extracellular compartments), remains absolutely constant, although the numbers of organelles increase, as does the overall size of the cell. In contrast, the work of several laboratories suggests that this remarkable constancy of left ventricular myocyte composition is disturbed in pathological states. Some investigators report that, in well-established hypertrophy in response to pressure overload, the volume of the left ventricular cell occupied by myofibrils increases out of proportion to the other components of the myofiber (Meerson et al., 1964; McCallister and Brown, 1965; Rabinowitz et al., 1971; Page et al., 1972; Page and McCallister, 1973; Goldstein et al., 1974) . In contrast, thyroxin-stimulated growth or volume overload due to aortic insufficiency (Hatt, 1970) produces left ventricular cells in which mitochondria occupy a significantly greater volume than is the case in the normal myocyte.
A consideration of all this work tempts one to assume that cardiac mass, at least in the left ventricle, increases in different ways, depending on the stimulus. Such an assumption, moreover, leads almost inevitably to the proposition that the cause of heart failure in left ventricular hypertrophy may be attributable to different, rather than the same, mechanisms and may be, depending on type of stress, the consequence of the malfunction of a single kind of organelle in the cell; e.g., in the case of pressure overload, the myofibrils.
In looking at our data, it is important to note that the process of normal growth shows some of the same features, albeit transiently, as does the myocyte which is enlarging in pathological hypertrophy. If one compares left to right ventricular development, it is evident that, if all the data are pooled, the LV sarcomere-myocyte ratio is significantly higher than that of the RV during the period we studied. This is probably a transient difference in right and left ventricular composition since, by 5 months of age, there is no difference in the proportion of the cell occupied by sarcomeres between ventricles. It is the left chamber, of course, that faces marked increases in the pressure against which it must work during the postpartum period.
In contrast, the mitochondrial mass of both the right and left ventricles is higher at 2 months of age and thereafter than it is at birth (P < 0.001 LV, P < 0.003 RV). Again, this is analogous to the situation in hypertrophy of the volume-overloaded heart. Cardiac output increases in the postpartum period as development progresses; concomitantly, there is a significant increase in the amount of the cell occupied by mitochondria in both ventricles as the animal grows.
The adult cell in pathological hypertrophy, then, responds with the same mechanisms as the cell does during a normal increase in size. The data of this study support the contention of Page and other investigators that the myocyte responds with an increase in contractile mass to a pressure overload and with an increase in mitochondrial numbers in response to a requirement to handle a larger volume of blood.
Myofibrils
Of particular interest in the process of normal growth is the very disorganized appearance of myofibrils in the young, developing cells. This accounts, no doubt, for the fact that less force is generated per unit volume by young hearts than by adult myocardium. The eventual appearance of the mature cell, with its orderly rows of sarcomeres assembled into long myofibrils that lie with their long axes parallel to that of the myofiber, is absent in neonatal myocardium.
It is apparent that the eventual tailoring of the shape and interior organization of the myofiber depends, in a critically important way, on the addition of new sarcomeres to the cell. From the chaotic pool of incomplete sarcomeres and abbreviated myofibrils consisting of one or two contractile units in the neonatal cell, sarcomeres are added, one by one, in a linear, orderly sequence to the myofibril. This results in long rows of contractile units which course in a meticulously ordered way along the entire length of the myofiber, forming the finished myofibrils that fill the cell. The nuclear poles begin to take shape as this assembly of myofibrils progresses, and they separate to course past the nucleus, to meet again on its opposite side. The round nucleus itself takes on an oval, almost rectangular shape, perhaps in response to the molding influence of the developing myofibrils. Similarly, the large pools of mitochondria so prominent in the neonatal cell are invaded by contractile units and compressed into linear arrays between the sequences of sarcomeres as cell growth proceeds. Finally, the shape and organization of the adult intercalated disc also depends on the addition of sarcomeres to the myofiber (Legato, 1979) .
Neonatal Metabolism, Mitochondria, and Lipid Stores
The mitochondrion's synthesis as a completed organelle is the consequence of an extremely complicated interrelationship between nuclear and mitochondrial control (Lizardi and Tuck, 1972; Rabinowitz and Zak, 1975) . The frequent association of rough endoplasmic reticulum with the mitochondria in the intermyofibrillar spaces in neonatal myocardium is of interest in view of the fact that the external mitochondrial membrane and other mitochondrial components are synthesized under the control of nuclear DNA.
The density of the inner cristal system of the mitochondrion is proportional to the amount of aerobic metabolism of which the cell is capable.
The mitochondrial cristae of young (24-to 72-hour) myocardium are sparse and widely spaced. It is only in hearts older than 72 hours that densely packed cristae become apparent. The dependence of the fetal heart on anaerobic glycolysis is well known and explains in part the resistance of the fetus and neonate to hypoxia (Beatty et al., 1972; Su and Friedman, 1973; Lee et al., 1973) . The latter is consistent with the sparseness of mitochondrial cristae in the immediate postnatal period. In contrast, the well-developed internal cristal system of 2-month and older animals is consonant with a growing capacity for reliance on mitochondrial-dependent aerobic metabolism.
The abundant lipid in 24-hour-old as well as 3-to 5-month-old myocytes is interesting; this is not a feature of adult dog ventricular myocardium, and it was surprising to see it as late as 3-5 months of age in these animals. The peculiar absence of intracellular lipid at 72 hours, which persists until 3 months of age, is unexplained, especially when it is so striking in 24-hour-old and in 3-month and older myocardium. Lemanski (1973) , who described the development of the heart in the salamander, correlated the decline of intracellular free fat with an increase in bound lipid and opined that it was being utilized both as an energy source and as a structural pool for the genesis of cellular organelles. Whether or not lipids have fluctuating importance as a significant source of energy supply as development progressed through the neonatal period, being a relatively more important substrate at one age than at another, remains to be determined.
Nucleus, Nucleolus, Nuclear Pores
The dominant role of the nucleus in neonatal growth is consonant with the large size of that organelle relative to the rest of the cell at 24 to 72 hours of age in both ventricles. In addition to the mitotic figures seen in our study in differentiated myocytes, a centriole was often apparent at the nuclear pole, suggesting that the capacity of the cell to divide is retained. Certainly the old idea that, once it has elaborated specific sophisticated proteins like the sarcomeric components, the cell no longer has the capacity to divide has been refuted; several instances of mitosis in the differentiated cardiac myocyte have been reported (Manasek, 1968; Rumyantzev and Snigirenskaya 1968; Przybylski, 1971; Chacko, 1972; Hay and Lozo, 1972; Page and McCaUister, 1973) .
The prominent nucleoli of the neonatal period, not infrequently multiple, attest to the brisk protein synthesis going on at this stage.
Of note is the interesting observation that, in the 24-to 72-hour-old dog, the external nuclear membrane is often associated with ribosomes. The relationship of this membrane system with the rough endoplasmic reticulum in the cytoplasm is unknown.
The Transverse Tubular System
The transverse tubular system is not present at all in some cardiac cells and develops only long after birth in others. Its function in myocardium is not known; unlike the T system in skeletal muscle, which is necessary for the rapid propagation of the exciting impulse throughout the fiber, it is not necessary for the beating of the atrial or Purkinje cells; these two types of myocytes never develop a T system. Moreover, in the ordinary working ventricular cells of the puppy heart, T vesicles are absent well into the second month of life in the left ventricle and begin to appear even later in the right (after 3 months of age).
As a sarcolemmal derivative, the T system is widely considered necessary for cells with a large transverse diameter to function as an extension of the surface membrane of the cell throughout the substance of the fiber. It is also thought to be important as a vehicle for carrying the extracellular compartment within its lumen from the external surface of the myofiber downward and throughout the substance of the cell.
In the first place, it is evident from the observations of postnatal T system development in this species that triads and diads are most frequent in the narrowest cells; they are never as abundant, even at 5 months of age, in the right ventricular myocyte as they are in the left. As we have pointed out, the left ventricular cell is a much narrower, longer cell on the whole than that of the right ventricle. This is contrary to the idea that the depolarizing impulse needs to be propagated throughout the substance of wider cells over the invaginating fingers of sarcolemmal membrane that constitute the transverse tubular system.
Lyso8omes: Secretory Granules and Residual Bodies
There is a whole constellation of organelles in neonatal myocardium, most accurately identified as lysosomes, which is of considerable interest. Ultrastructurally, some are very similar to the secretory granules described in atrial tissue (Fig. 6a) . Certain identification and complete analysis, however, even with cytochemical techniques, is not possible, given the present state of our information about this class of organelles. Certainly, as deDuve (1959) originally suggested, the lysosomes ought to be of importance in the breakdown of those cytoplasmic contents whose functional life is finished; certainly, recognizable components of cellular organelles such as membranes are clearly apparent within the residual bodies. This fact, accompanied by the knowledge that they contain proteolytic enzymes, makes it virtually certain that this is at least one route for the disposal of waste material in all cells.
It has been implied that, if this is the function of lysosomes, the number of secondary lysosomes or residual bodies will increase with age, and indeed this seems to be true of lipofuscin granules (a type of residual body) in the heart, which become much more apparent as the myocardium ages. It is of considerable interest, though, that during the newborn period there is such an abundance and variety of both primary and secondary lysosomes. Whereas differences in rates of protein synthesis in the newborn from that of the adult are not discernible [Baserga and his co-workers, for example, found that the half-life of RNA in newborn and adult mouse heart is the same (Baserga, 1966) ], the impression on scanning the myocardium of the immediate postnatal period is that there is a significantly greater number of residual bodies than is apparent later on in development. This raises the possibility that the dramatic changes in the internal geometry of the myocyte that occur postnatally are in part due to controlled destruction of cytoplasmic constituents. The lysosomes may well have an important role in the internal tailoring of the cell during periods of rapid normal growth. Table 3 summarizes the currently available quantitative data about mammalian myocyte composition to which ours can be compared. Seven studies were done in the rat, five of them on the left ventricle only. There are some data on the rabbit (one study) (Goldstein and Schwartz, 1974) , mouse (one study) (Tate and Herbener, 1976) , and Syrian hamster (one study) (Lazarus et al., 1976) . Our own data are the only ones available on dogs. The significance of the type and osmolarity of fixatives used by different investigators was discussed elsewhere (Legato, 1979) . In general, our values for the percent of the cell by volume occupied by the nucleus agree with those of other workers, no matter what the species. Our value for the fraction of the volume of the rat ventricular cell occupied by sarcomeres is virtually identical with those of the other reports. In the dog, the percent is somewhat higher. The values we obtained for the percent of the dog ventricular cell occupied by mitochondria are very similar to the rat data and the values reported for the Syrian hamster (Lazarus et al., 1976 ); Goldstein's value of 42% (rabbit) was a little higher than the values of most other workers (Goldstein et al., 1974) . The volume occupied by transverse tubules was smaller in our oldest dogs than the 1.2% described for adult female rats by Page et al. (1971) . This can be ascribed either to a species difference (entirely possible, considering the rather unique electrical properties of the rat ventricular myocyte) or to the fact that, in an older dog, the T Table 3 illustrates the importance of the formula used to calculate S/V ratio. Our data are compared to those of other investigators; in each case, the formula used for the calculation is given. 1 sarcolemma ([_") and 1 mitochondrion (l_i) refer to the number of times the lines of the probe crossed the circumference of those organelles. P myocyte (P,^,) and P mitochondrion (Pa*) refer to the number of points on the probe lying over those structures. In Goldstein's formula (Goldstein, 1974) , d -length of the grid line in mm. In Loud's formula (Loud, 1965) d is a volumetric representation equivalent to P mitochondrion. LdAc/LcAd is a correction factor. In all formulas in which it appears (Laiarus et al., 1976; Page et aJ., 1971; Loud et al., 1965, Legato, present study) , a = length of gnd line in mm + final magnification of print. VOL. 44, No. 2, FEBRUARY 1979 system would be more developed than it is at 5 months of age (also a plausible explanation).
Quantitative Data
The data regarding S/V ratios of myocytes and mitochondria are very different. This is due to the fact that various investigators use quite different formulae for their calculations. Loud (personal communication) suggested the use of the formula we ultimately chose, 2-L./d-P I; where d = the length of the grid line divided by final print magnifications expressed in microns. Our values for S/V ratio of mitochondria are in excellent agreement with those Loud found for rat liver cell mitochondria (Loud et al., 1965) . Goldstein (1974) , reporting S/V ratios for mitochondria in cardiac tissue, used the formula Weibel suggests (Weibel, 1962) , 4-Ix/d-P,, where d is the actual length of the grid line in millimeters, and is not corrected for print magnification. We calculated our S/V ratios of mitochondria by both the formula we chose and Goldstein's; when we used hers, our values were of the same order she had reported. Page used still a third formula (Page et al., 1971) , TT/2 • I x /a • P*, for his calculations of S/V ratio of the myocyte were a = the length of one side of the small squares on the measuring grid divided by the final magnification of the print. This is based on Sitte's original formula (Sitte, 1967) . Our data were not in as good agreement with his, as were ours with Goldstein's. Even when we used his formula for our mitochondrial data, we got somewhat larger values for the S/V ratios of the cell. Again, this may either be a species difference or may be due to the young age of even our oldest dogs compared to that of the adult rat, which was the subject of Page's study.
A word of caution must be offered about the data we recorded for nuclear S/V ratio. In general, the relatively large dimensions of the nucleus and the infrequency with which it appears in random electron micrographs (since cardiac myocytes generally have only one nucleus) make it difficult to make definitive measurements on this organelle. Hence, we offer data on the nuclear S/V ratio with the caveat that they are less firm than those offered for other myocyte components.
In summary, with some minor variations, there seems to be a real constancy of adult mammalian myocyte composition; there do not seem to be major differences between species in the percentage of the cell occupied by the principal organelles (nucleus, sarcomeres, mitochondria).
